Robust knowledge of biodiversity distribution is essential for designing and developing 13 effective conservation actions. However, monitoring programmes have historically 14 assumed all species are detected equally with no spatial or temporal differences in 15 their detection rates. However, recently, interest in accounting for imperfect detection 16 has greatly increased in studies on animal diversity. In this respect, birds are the most 17 widely used group for hierarchical occupancy-detection modelling, mainly due to the 18 relative ease of sampling and the large number of bird datasets that are available. 19 Nevertheless, there are no studies that have tried to evaluate the effectiveness of 20 different bird sampling methods based on a hierarchical modelling approach. In an 21 attempt to remedy this situation, we conducted point transects (PT), point transects 22 plus video monitoring (PV) and mist netting (MN) in 19 small ponds located in the 23 province of Murcia, southeastern Spain, one of the most arid regions of Europe. Multi-29 for detecting species occupancy, although detection rates ranged widely among bird 30 groups, and some large species were weakly detected by all the methods. Average 31 detectability increased during the breeding period, a pattern shown similarly by all 32 sampling methods. Our approach is particularly applicable to both single-and multi-33 species bird monitoring programmes. We recommend evaluating the cost-34 effectiveness of available methods for sampling design in order to reduce costs and 35 improve effectiveness. 36 37 42 importance for biodiversity management and conservation, most programmes are under-43 resourced [2], placing constraints on the number of target species, sampling effort and kind of 44 sampling methods used to detect the target species [3]. Such limitations in survey designs may 45 well contribute to large biases in detection probabilities, leading to the misinterpreting of 46 abundance and distribution estimates. Indeed, concern about bias in species detectability has 65 richness predictions in studies that tended only to use observed richness [6]. On the other 66 hand, binomial N-mixture models allow the species abundance to be calculated with data from 67 unmarked individuals [12], thus estimating the detection probability of a single individual from 68 a particular species [13].However, it should be noted that some estimation failures have 69 recently been reported for binomial N-mixture models and its statistical design has not been 70 resolved [14]. Lastly, species distribution models (also known as occupancy models) can be 71 applied to data of presence-absence counts in order to make mapped predictions or to know 72 specific-species detectability [15]. Furthermore, many of these models also allow the [4]. To date, most bird studies have accounted for imperfect detection by using data from 117 To our knowledge, only three studies have aimed to explore the effectiveness of different 118 sampling methods through a multi-method hierarchical approach, and all have mainly focused 119 on mammal species [9,33,34], while no studies have been conducted to assess bias arising 120 from different bird sampling methods. Here, we fit a multi-method hierarchical detection 121 model, described by Nichols et al. [9], to contrast the effectiveness of three sampling methods 122 for detecting 36 breeding bird species. For that purpose, 19 isolated small ponds located in a 6 123 semi-arid region were selected as model habitat for the three sampling techniques to be 124 applied. Detectability estimates were calculated for each method at species level. 125 Furthermore, family-level effects were considered, and bird species were also grouped 126 according to two life-history traits (body size and diet) to explore group-level effects, because 127 phylogenetic relatedness and biological traits have been suggested as an important drivers in 128 detectability [17,35]. Our specific aims were to: 1) compare the detection effectiveness of 129 different sampling methods for breeding bird species; 2) assess the contribution of sampling 130 date as a source of variation in detection probabilities during the breeding season and; 3) 131 elucidate the influence of phylogenetic relatedness and life-history traits on detectability at 132 method level. The occupancy-detection modelling carried out could be used as a starting point 133 in the design stage of biological monitoring programmes, allowing resource optimization and 134 maximizing the detectability of target species. 135 136 Materials and methods 137
method hierarchical models were fitted to the detection histories of 36 common bird 25 species with three main objectives: to compare the effectiveness of the three sampling 26 methods for detecting the bird species using ponds, to assess the effect of sampling 27 date on species detectability, and to establish the influence of body size and diet on 28 species detectability. The results showed PV to be the most effective sampling method Introduction 38 Monitoring biodiversity is key to providing measures of status and trends of wildlife as well as 39 for understanding its responses to threats derived from human activities. Abundance and 40 distribution are the most widely used biological measurements in ecological studies and are 41 frequently provided by large-scale monitoring programmes [1] . However, despite their historically been expressed by ecologists [4] , but these concerns have only begun to be explored from an analytic point of view in the two last decades. Recently, some studies have 49 reported strongly inaccurate abundance estimates as a result of not taking into account 50 possible imperfect detection, masking trends and providing misinformation that can affect 51 conservation actions [5, 6] . Hence, setting an accurate study design based on effective 52 sampling methods that maximize species detectability is key to outlining any biological 53 monitoring programmes.
54
The detection rate or detectability (p) is defined as the probability of detecting at least one 55 individual of a given species in a particular site, given that individuals of that species are 56 present in the study area during the survey [7, 8] . Traditionally, the vast majority of studies 57 have assumed all species composing a biological community are similarly detected [4] ,and 58 detectability is constant over space, time, different methods or weather conditions. However, 59 interest in incorporating imperfect detection (p < 1) into biodiversity studies has largely 60 increased in the last two decades due to the development of novel hierarchical modelling 61 techniques [9, 10] . Several approaches have been suggested in this modelling framework in 62 order to estimate species richness, abundance and distribution corrected for incomplete 63 detection. For example, species richness models enable unbiased estimates of site-specific 64 species richness to be calculated while accounting for imperfect detection [11] , thus enhancing incorporation of covariate relations in order to explore the influence of biotic and abiotic 74 features on the abundance, richness or distribution of target species. 75 76 Distribution hierarchical models accounting for imperfect detection are composed of two 77 different processes: an ecological process governed by the probability of occupancy and 78 another observation process that is governed by the probability of detection [15, 16] . The 79 former is defined by the habitat requirements of each species and involves both the presence 80 and distribution of target species in the study area (i.e. whether the species is or is not 81 present). The latter process depends directly on occupancy and is governed by the same 82 drivers (i.e. whether the target species is or is not detected). A species can only be detected in 83 a sampling unit survey when that species is occupying the study unit. Besides drivers of 84 occupancy, the observation process is constrained by several additional factors that hinder or 85 modulate the detectability of species. These factors are derived firstly from specific-species 86 traits, such as behaviour, life history and phylogenetic relatedness [17, 18] 
205
Periods between surveys at each site were no longer than 40 days and the survey order 206 remained unchanged during the sampling period. In the study area, bird species of the coastal 207 region showed a slightly advanced breeding phenology due to warmer conditions. Thus, littoral 208 ponds were the first sites to be surveyed in order to correct for this phenomenon and last ones 209 were the ponds located in wetter inland areas. Each sampling lasted 3 hours, beginning at 210 sunrise and in good weather conditions [42] . The early morning period has been described as 211 the time of greatest bird activity, after which species detectability steeply declines [26, 29] . As 212 mentioned, the three sampling methods were applied in similar conditions (sampling effort, 213 good weather conditions and the same sampling range time), and so it is assumed that they 214 provide representative information about bird community during the sampling periods, while 215 any difference in the results can be attributed to methodology biases [30] .
217
Detection histories 218 We generated method-and survey-specific detection histories for all the breeding species 219 recorded during the study period. Species with less than five records were removed from the 220 models in order to avoid bias related to small sample size, since estimates may be unreliable when information collected on species presence/absence is limited [45, 46] . Additionally, 222 migratory non-breeding species in the study area were also removed from the models to meet 223 the closure assumption. Separate detection histories were generated for each sampling 224 method and each survey visit. Therefore, as sampling event refers to one survey per method, a 225 maximum of nine detection events were possible for each species because three surveys were 226 conducted for each of the three sampling methods. A value of 1 was attributed when a species 227 was detected in a specific survey using a single method, a value of 0 being given otherwise.
228
Thus, for a given species, the detection history of 010 101 000 meant one or more individuals 229 were detected only at the second survey by the first sampling method, the presence of the 230 same species was recorded at the first and third surveys by the second method, and no species 231 presence was detected by the last sampling method.
233
Modelling framework 234 Multi-method hierarchical occupancy modelling, as described by Nichols et al. [9] , an extension 235 of other occupancy models [45] , was used to estimate the detectability of bird species 236 recorded during the survey period. Using this approach, method-specific detection 237 probabilities can be calculated for two or more sampling methods [9, 33] . The detection 238 process is modelled as a Bernoulli random variable as follows:
where represents detection/non-detection records for method m and survey s, z denotes 241 occupancy status (0/1), which is constant over time, and is the probability of detection 242 using method m and survey s. All analyses were carried out using a maximum likelihood-based approach implemented in the were similar for all surveys so were not expected to affect detectability. We also assumed that 279 occupancy was independent among study sites because the minimum distance between ponds 280 was always greater than 1.5 km, which is a reasonable distance to consider sites as 281 independent when the survey period covers the breeding season of birds. Model-averaging estimates of detection probability for study species showed clear differences 343 in method-specific detectability (Fig 2) . Occupancy detection increased slightly during breeding 344 season but differences among the three sampling methods remained constant for the three 345 surveys. PT and PV provided similar detectability estimates but slightly higher in the second 346 case. PV obtained detectability estimates significantly higher than MN, but the other pairwise 347 comparisons did not provide significant differences. Nevertheless, detection estimates of some No relation between species occupancy and species detectability averaged between sampling 360 methods was found ( Fig 3A) . The occupancy estimates ranged widely from = 0.14 in Eurasian
361
Nuthatch to = 1 in Eurasian Blackbird. However, the detection estimates for many studied 362 species (89.9%) was higher than p = 0.5, and only four of the 36 modelled species showed 363 lower values. It should be noted that two of these four species, Common Chiffchaff and Corn occupancy was complete ( = 1; p < 0.50). Finches were the family with the highest occupancy 366 and detection estimates, all finch species showing > 0.80 and p > 0.80, with the exception of 367 European Greenfinch, which exhibited a low estimated occupancy value ( = 0.35; p = 0.94).
368
A lineal relation was clearly seen for the estimated detectability using each method when 369 pairwise comparisons of sampling methods were carried out (Fig 3B-3D) . Of the 36 bird species 370 recorded, 18 were equally detected by the three methods since their estimates at method-371 level differed by less than 5% among them, indicating effectiveness of these sampling methods 372 was very similar for detect these species. However, both observational methods (PT and PV) 373 were much more effective than MN in detecting bird species such as Common Woodpigeon, and Sylvidae families (finches and warblers, respectively). However, the estimated 395 detectability of Emberizidae (buntings) and Paridae (tits) families was very similar for the three 396 sampling methods (Fig 4) . Detectability with the PT and PV methods was very similar for all the 397 studied families, except Muscicapidae family which were significantly better detected by PV.
398
On the other hand, visual methods were also more effective than MN at detecting species at 399 group-level ( Fig 5) . Only small seed-eaters were equally detected by the three sampling 400 methods. Detectability for the other groups was always higher with PT and PV than with MN.
401
Detection probability for insectivores and frugivores species (groups 1-3) showed a similar 402 pattern, increasing slightly from MN to PT and PV. Moreover, visual methods were significantly 403 more effective than MN at detecting medium-sized and large see-eaters and generalists. [28, 58, 59] , such as warblers. Only small seed-eaters were detected with similar effectiveness by the three target methods. Importantly, MN showed the higher variability in the detection estimates and also led to large differences in species detectability even within families and 488 groups (Fig 4 and Fig 5) . This finding underlines the view that MN should not be used as a 489 single method to study entire bird communities, mainly because of its bias toward medium-490 sized and large birds.
491
Both visual methods provided slightly higher detectability estimates than MN for small-sized 492 groups,contrasting with previous studies that found MN to be more effective for detecting 493 small-sized species [58] . A possible reason to explain this result would be the use of small 494 ponds as study model could be masking bias arising from our sampling methods. Vegetation 495 around the water edges of our study ponds was scarce or absent, so drinking birds are 496 generally easily detected visually independently of their behaviour. Thus, it is possible that the 497 body size of birds did not affect detectability when observational methods were used in our 498 study.
500
Ponds as study models 501 We used small ponds as model habitat to inventory the breeding bird communities settled 502 around these aquatic systems. In semi-arid environments such as the Iberian southeast water 503 bodies exert a strong attractive pressure for terrestrial animals and they offer an interesting 504 chance to study biological communities. Small ponds in this area are critical habitats for 505 sustaining biodiversity due the scarcity of free water resources available to wildlife in this 506 semi-arid region [37] . The high proportion of bird species using our study ponds is a clear 507 example of their contribution to biodiversity. The breeding bird community of the study area 508 consists of around 120 species, excluding marine and wetland birds [54] . We recorded 57 509 breeding bird species using the studied small ponds, which represent 47.5% of the terrestrial mountainous areas dominated by Mediterranean forest, and no ponds from steppe lands or 512 farmlands were included in the study design. Hence, typically steppe birds, such as larks and 513 sandgrouse, also probably use ponds located in open landscapes, so that an even higher 514 richness of birds would be expected if all types of ponds found in Iberian southeast were 515 surveyed. Future studies that will include ponds from open areas will improve our knowledge 516 of the services offered by these critical habitats for the conservation of terrestrial birds.
517
Whatever the case, we recommend the use of small ponds as a supplementary and additional 518 tool in biological monitoring programmes in arid and semi-arid environments, since they 519 increase the ability to collect more rigorous data. For example, the implementation of pond 520 surveys in large monitoring programmes (such as breeding bird surveys or specific surveys 521 focused on species of conservation concern) in semi-arid regions would complement data on 522 species distribution and so contribute to conservation actions. Aknowledgments Murcia for permission to access to protected areas. diet traits. Numbers refer to six different groups: 1, small insectivorous (<30g); 2, medium-600 sized and large insectivorous (≥30g); 3, small insectivorous and frugivorous (<30g); 4, small 601 seed-eaters (<30g): 5, medium-sized and large seed-eaters (≥30g); and 6, medium-sized and 602 large generalists (≥30g). Surveys 1, 2 and 3 correspond to visits conducted in early-mid spring, 603 late spring and early summer, respectively. Box color is shown for a better understanding.
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